The objective was to compare the action of different hydrolases for producing porous 9 corn starches. Amyloglucosidase (AMG), α-amylase (AM), cyclodextrin-10 glycosyltransferase (CGTase) and branching enzyme (BE) were tested using a range of 11 concentrations. Microstructure, adsorptive capacity, pasting and thermal properties were 12 assessed on the porous starches. SEM micrographs showed porous structures with 13 diverse pore size distribution and pore area depending on the enzyme type and its level; 14 AMG promoted the largest holes. Adsorptive capacity was significantly affected by 15 enzymatic modification being greater influenced by AMG activity. Unexpectedly, 16 amylose content increased in the starch treated with AMG and BE, and the opposite 17 trend was observed in AM and CGTase treated samples, suggesting different mode of 18 action. A heatmap illustrated the diverse pasting properties of the different porous 19 starches, which also showed significant different thermal properties, with lower To and 20
Introduction 26
Porous starches are now attracting much attention due to their great adsorption ability 27 (Zhang, glucoamylase and α-amylase has been also proposed due to their synergistic action to 42 hydrolyze raw starch completely very rapidly (Sun et al., 2010) . In fact, porous starch 43 was obtained using a combination of α-amylase and glucoamylases activity after 44 optimizing the kinetic reaction to increase the reaction yield (Zhang, Cui, Liu, Gong, 45
Huang & Han, 2012). Later, Dura, Błaszczak and Rosell (2014) compared the α-46 amylase and glucoamylase individual action to determine their effect on biochemical 47 features, thermal and structural properties of corn starch. Researchers concluded that α-48 amylase or amyloglucosidase when acting on corn starch at sub-gelatinization 49 temperatures for 24 or 48 hours led to porous starch granules that differed in both, the 50
The amount of amylose of the starches was analyzed in triplicate using a commercial 125 assay kit (Megazyme International Ireland Ltd., Bray, Co. Wicklow, Ireland) based on 126 the concanavalin A method (Gibson, Solah & McCleary, 1997) . 127
Damage starch 128
Damaged starch levels were estimated at least in duplicate following the American 129
Association of Cereal Chemists, method 76-31.01 (2000) . 130
Adsorption of water and sunflower oil 131
Adsorptive capacity of starches for water and sunflower oil were determined according 132 to the method described by Yousif, Gadallah and Sorour (2012) with a slight 133 modification. Starch (0.1 g) and solvent (1 mL, water or oil) were mixed and vortexed 134
for 30 min at room temperature. Slurries were centrifuged 10 minutes at 3,000 x g and 135 decanted. When no more water or sunflower oil was dropped off onto the filter paper, 136 weight of the sediment was measured. The adsorption capacity was calculated as the 137 weight of the wetted sediment divided by the dry weight of sample (g/g). 138
Viscosity measurement 139
The pasting properties of native and enzymatically modified starches were measured 140 with the Rapid Visco Analyzer (RVA-4500, Perten Instruments, Hägersten, Sweden). 141 Starch (2 g based on 14% moisture content) was added to 20 mL of water placed into 142 the aluminum RVA canister. Slurries underwent a controlled heating and cooling cycle, 143 from 50 to 95 ºC in 282 s, holding at 95 ºC for 150 s and then cooling to 50 ºC. The 144 initial speed for mixing was 960 rpm for 10 s, followed by a 160 rpm paddle speed that 145 was maintained for the rest of assay. Pasting parameters such as pasting temperature, 146 peak viscosity, breakdown (peak viscosity-hot paste viscosity), final viscosity, setback 147 (cold paste viscosity-peak viscosity) were recorded using Thermocline software for 148
Windows (Perten Instruments, Hägersten, Sweden). 149
DSC thermal analysis 150
The gelatinization characteristics of modified starches were determined using a 151 differential scanning calorimetry (DSC) from Perkin-Elmer (DSC 7, Perkin-Elmer 152
Instruments, Norwalk,CT). The slurry of starch and water (3:1) was placed into stainless 153 steel capsules. Capsules were hermetically sealed and equilibrated at room temperature 154 for one hour before analysis. The samples were scanned from 30 to 120 °C at a heating 155 rate of 10 °C/min under nitrogen atmosphere, using an empty stainless steel capsule as 156 reference. The temperature values obtained were the onset temperature (To), peak 157 temperature (Tp), and conclusion temperature (Tc). The enthalpy of gelatinization (ΔH) 158 was estimated based on the area of the main endothermic peak, expressed as joule per 159 gram sample (J/g). 160
Statistical analysis 161
All experiments were repeated at least in duplicate. Experimental data were statistically 162 analyzed using an analysis of variance (ANOVA) and values were expressed as a mean 163 ± standard deviation. Fisher's least significant differences test was used for assessment 164 of significant differences among experimental mean values with 95% confidence. 165
Statistical computations and analyses were conducted using Statgraphics Centurion XV 166 software (Bitstream, Cambridge, N). 167
Results 168

Microstructure analysis 169
The shape, size, structure and surface characteristics of corn starch granules tested 170 (native, references and treated starches) were investigated using SEM (Figure 1 When starch granules are incubated with amylolytic enzymes, the enzymes migrate 210 through the channels and initiate hydrolysis leading to an inside out pattern of digestion 211 (Chen & Zhang, 2012 To understand the action of the enzymes on the starch granules, the released compounds 221 after the incubation were analyzed. Table 1 Amyloglucosidase is a well-known exo-amylase, releasing only glucose residues from 237 amylose or amylopectin chains (Bouchet-Spinelli, Coche-Guérente, Armand, Lenouvel, 238
Labbé & Fort, 2013). However, saturation of the non-reducing-ends of starch chains has 239 been reported when enough glucoamylase is present (Chen & Zhang, 2012) , which 240 would explain the steady glucose level. 241
In addition, the endo-amylases, AM and CGTase, are able to cleave α-1-4 glycosidic 242 bonds existing in the internal part (endo-) of a polysaccharide chain. As expected, AM 243 majorly converted starch to glucose followed by maltose. Moreover, the amount of 244 short chain oligosaccharides, ranging from DP1 to DP2 increased with the amount of 245 AM added, whereas DP3, DP4 and α-CD chains decreased. Conversely, the amount of 246 short chain oligosaccharides ranging from DP1 to DP5 decreased as increasing the level 247 of CGTase added, with a simultaneous increase in α-CD. Overall, CGTases convert 248 amylose or amylopectin into a mixture of α-, β-and γ-CD and some dextrins, and the 249 proportion was dependent on the enzyme specificity (Terada, Yanase, Takata, Takaha & 250 Okada, 1997), but also on the substrate, complexing agents and reaction conditions 251 (Blackwood & Bucke, 2000) . 252
Amylose, damaged starch content and adsorptive capacity 253
Amylose and damaged starch contents were determined in the treated starches (Table  254 2). The statistical analysis indicated that the enzymatic treatment significantly modified 255 the amylose content, the amount of damage starch and the adsorption properties of the 256 starches; but the enzyme level only prompted significant effect on the amount of 257 The adsorptive capacity of modified starches for water and sunflower oil are also 294 summarized in Table 2 . The hydrophilic nature was significantly dependent on both 295 enzyme type and concentration, while hydrophobic nature depended only on the enzyme 296 type. In general, all enzymatic treatments increased the water adsorption capacity of the 297 starches; among them, AMG showed the greatest effect, followed by AM, CGTase and 298 BE treatment. Likely, the size of the pores originated by AMG was responsible of this 299 behavior due to the increase of the surface area. The adsorptive oil capacity of starch 300 was only significantly modified when treated with AMG. Chen and Zhang (2012) 301 obtained an increase in both solvents retention ability respect to native starch, due to the 302 increase in the surface area promoted by the starch treatment with AMG (11 U/g 303 starch), which agrees with results of the present study. Therefore, it seems that the pore 304 size plays a fundamental role for oil adsorption, which was only sufficient in the case of 305 AMG hydrolysis. It was evident from the heatmap that enzymes changed the pasting performance of 323 starch suspensions and the effect was also dependent on their concentrations, 324 particularly in the case of CGTase and BE. The onset temperature, indicative of the 325 initial viscosity increase, was significantly decreased by all enzyme studied, 326 independently of the concentration used. Therefore, lower cooking temperature was 327 required for the gelatinization of porous starches, likely due to faster water absorption 328 on the starch granules, since a negative correlation was observed between onset 329 temperature and pore size (r = -0.4581, P < 0.001). AM treated samples showed similar 330 pasting behavior to native starch, unless the maximum viscosity that decreased after 331 treatment. AM acts on the starch molecules breaking α-(1-4) linkages and providing 332 dextrins, which present lower swelling during gelatinization (Rocha, Carneiro & 333 Franco, 2010). Porous starches had significantly lower peak viscosity, through, final 334 viscosity and setback compared to native, which agree with previous results (Dura, 335 Błaszczak & Rosell, 2014). In the case of AMG treated samples they were grouped due 336 to their lower peak viscosity and breakdown and higher final viscosity and setback, 337 besides the presence of an additional peak viscosity (Pv1) during heating, prior to the 338 common peak viscosity at 95 ºC. This additional peak was negatively correlated with 339 peak viscosity, showing a progressive increase in the first peak in parallel to the 340 reduction of peak viscosity. The decrease of peak viscosity due to the joint action of α-341 amylase and glucoamylase has been explained by the disintegration of fragile granules 342 owing to their porous structure, leading to less viscous slurries (Uthumporn, Zaidul & 343 Karim, 2010) . In this regard, pore size, ratio of pore area to granule area and water 344 adsorptive capacity was negatively correlated with peak viscosity, confirming this 345
hypothesis. 346
Porous starches obtained with very high levels of CGTase or BE were mainly 347 characterized by very low values of final viscosity and setback, and high breakdown 348 values. Those effects have been reported when wheat starch was treated by CGTase 349 Gujral and Rosell (2004) . 350
The values for the thermal properties of native starch (Table 3) agrees with previous  351 reported results for corn (Jane et al., 1999) . In modified starches, To, Tp and ΔH 352 significantly (P < 0.05) varied owing to the type of enzyme used and its level, but Tc 353 was only significantly affected by the type of enzyme. Porous starches showed lower To 354 and Tc than native starch. In the case of AMG treated starches those temperatures 355 decreased when increasing the level of enzyme during treatment. Moreover, lower 356 energy (ΔH) was required to promote starch gelatinization, likely due to less energy was 357 needed to unravel and melt the unstable double helices during gelatinization (Chung, 358 To = onset temperature, Tp = peak temperature, Tc = conclusion temperature, ΔH = enthalpy change. Values followed by different letters within a column 371 denote significantly different levels (P < 0.05) (n = 3).
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